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In this study, we investigated whether the relative abundance of glutamate and glutamine in human proteins reflects the availability of these amino acids (AAs) dictated by the cellular context. In particular, because hypoxia increases the conversion of glutamate to glutamine, we hypothesized that the ratio glutamate/glutamine could be related to tissue oxygenation. By histological, biochemical and genetic evaluation, we identified proteins expressed selectively by distinct cellular populations that are exposed in the same tissue to high or low oxygenation, or proteins codified by different chromosomal loci. Our biochemical assessment was implemented by software tools that calculated the absolute and the relative frequencies of all AAs contained in the proteins. Moreover, an agglomerative hierarchical cluster analysis was performed. In the skin model that has a strictly local metabolism, we demonstrated that the ratio glutamate/glutamine of the selected proteins was directly proportional to oxygenation. Accordingly, the proteins codified by the epidermal differentiation complex in the region 1q21.3 and by the lipase clustering region 10q23. 31 showed a significantly lower ratio glutamate/glutamine compared with the nearby regions of the same chromosome.
Overall, our results demonstrate that the estimation of glutamate/glutamine ratio can give information on tissue oxygenation and could be exploited as marker of hypoxia, a condition common to several pathologies.
Introduction
The local availability of amino acids (AAs) may be a limiting factor in protein biosynthesis. The regulation of the expression of a protein can occur at different levels, from the epigenetic control of transcription to the stabilization of the messenger, and finally, it relies on coupling transcription with translation. The last step is critical, since the half-life of mRNA is limited and therefore transcription and translation must be coordinated. During AA starvation, the translational regulation has a major influence on gene expression, as demonstrated in simple models [1] . When the levels of free AAs are low, the percentage of some complexes tRNA/AA can become the main limiting factor in protein biosynthesis, because the short half-life of the mRNA does not allow the system to adjust the AA concentration rapidly enough. In this context, the relative abundance of some AAs can be considered a regulatory factor and it can be said that the AA availability can influence gene expression in addition to other mechanisms such as the epigenetic control. To date, the effect of local AA availability in the regulation of protein expression has been scarcely investigated in humans.
In our previous study [2] , we found several evidences that the composition of proteins gives information on AA availability and local control of protein expression. The study compared human proteins on the basis of their AA content by a hierarchical, agglomerative clustering method. Keratins and collagens, proteins with a repetitive structure, clustered well, confirming the mathematical approach. The software tool used in the study identified similarities between proteins on the same chromosome, like a group of aquaporins, and divergences between those on different chromosomes, which were more distant in the cluster. Proteins with similar tissue expression, even though with different function, were very close in the cluster, and this was suggestive that the local availability of AAs was a major driver of protein expression, conditioned by tissue context.
The present work deepens this approach based on the evaluation of AA frequencies and focuses on the analysis of glutamate (Glu) and glutamine (Gln), which are strictly linked by a biosynthetic interconversion; starting from our previous observations, we were interested in their relative abundance in protein expressed in different conditions or distinct phases of a cellular life cycle.
The biosynthesis of glutamine from glutamate amidation is catalysed by the enzyme glutamine synthetase (GS) in the following reaction
In mammalians, the reaction produces glutamine because the forward rate relative to the reverse rate is about 10 to 1 [3] . The enzyme has been extensively studied in the brain, where the site of glutamine synthesis is in glial cells [4] , and it has been investigated also in the liver and muscle [5 -7] . GS is also present in the epidermis, strongly expressed in the outer granular layer [8] . The exposure to hypoxia increases both GS enzymatic activity, as demonstrated in vivo in the brain [9] , liver and muscle [10] , and GS mRNA and protein levels, as reported by a study in vitro on PC12 cells [11] .
The reverse reaction of GS is catalysed by the enzyme glutaminase, which in the brain is predominantly a neuronal enzyme, in the following reaction
The phosphate-activated glutaminase is inhibited by chronic hypoxia, at the levels of mRNA, protein and enzyme activity [11] .
Because the hypoxic condition induces the biosynthesis and reduces the catabolism of glutamine, the endogenous levels of glutamine are higher when oxygen supply is scarce.
It is of note that the two enzymes are often spatially separated in tissues; for example, in the brain, they are differentially expressed in neurons and glia [12] [13] [14] , and in the liver, their expression is opposite between the periportal and perivenous zone [15, 16] . In the epidermis, GS is highly expressed in the granular layer, whereas glutaminase has not been characterized in terms of localization. The differential expression not only avoids a futile cycle but also it has generally a homeostatic function in tissue metabolism, with the aim of recycling the glutamate or replenishing the glutamine levels where and when they are low.
The biosynthesis of proteins is conditioned by the local availability of single AAs. The concentration becomes particularly critical for those AAs in equilibrium between synthesis and demolition, such as the case of glutamine; this AA can become rate-limiting in protein biosynthesis and the proteins abundant in glutamine are preferentially synthesized when the local conditions favour glutamine synthesis over catabolism. Based on these considerations, we put forward the hypothesis that the hypoxic condition could promote the translation of proteins richer in glutamine, whereas a more oxygenated environment would advantage the availability of glutamate and therefore the biosynthesis of proteins enriched in glutamate. Every time a biological signal is originated from the concentration changes of two organic species interconverted by a chemical reaction, the cellular system senses the ratio between the two molecules rather than the single concentrations; for example, the intracellular energy levels are checked by evaluating the cytosolic ATP/AMP or the mitochondrial ATP/ADP ratio.
In our study, we calculated the percentage of Glu and Gln of selected proteins and we tested the hypothesis that the ratio Glu/Gln is directly proportional to oxygenation. We expected that the proteins with a reduced ratio are synthesized in hypoxic condition. We carried out our analysis on two models of tissue that show a gradient of oxygenation: the epidermis and the liver. These tissues are both organized in distinct zones composed by cells exposed to a different environment and able to perform specialized tasks; it is therefore possible to distinguish a population of well-oxygenated cells and a population of poorly oxygenated cells and choose protein markers of the different populations to verify our working hypothesis. However, the two models are different in AA availability from external source and AA utilization other than endogenous metabolism; thus, in our analysis, we took into consideration how the abundance of Glu and Gln is affected by uptake, biosynthesis and loss.
Experimental methods

Identification of protein markers
Epidermal proteins analysed in this work have been selected from tissue microarray data available in the Human Protein Atlas database (http://www.proteinatlas.org) or from the literature. More precisely, the following proteins were described in some studies as specifically expressed in a single epidermal layer: LFNG, ITA6, KLK14, KLK5, KLK7, PRSS8, PAR2, RFNG [17] [18] [19] [20] [21] , CADH3 [22] , TGM1 [23] , K2C5, K1C14, K1C10, H6VRG3, TGM2, INVO, LORI, SPRR4, CRNN, FILA [24] , E9PBK1 [25] , VDR, CP27B [26] . Liver proteins expressed preferentially in periportal or perivenous epatocytes were selected based on previous works [15,16,27 -29] . Proteins coded by EDC, upstream and downstream genes were found by the analysis of chromosome 1q21.3 sequence on the NCBI Map Viewer (https://www.ncbi. nlm.nih.gov/genome/gdv/). The AA sequence of all proteins was downloaded from UniProtKB/ Swiss-Prot. In tables, each protein was identified by the ID (Identification) provided by FLAT files.
Data analysis
The protein sequences in FLAT file format were downloaded from UniProtKB/Swiss-Prot protein database (http://www.uniprot.org/uniprot/). A software tool [2] was applied to the data contained in the FLAT file of the protein. The SQ section of the FLAT file was used to compute the absolute and the relative frequencies of all AAs contained in the protein. The data obtained are presented in the tables of the article and were used for the box plot construction and for cluster analysis.
Cluster analysis
The frequencies tables were used to organize the data in matrix format, with the IDs of the proteins in the rows and the AA relative frequencies in the columns in order to be read using R software (https://www. r-project.org/). An agglomerative hierarchical cluster analysis was performed by using the R package hclust (https://stat.ethz.ch/R-manual/R-devel/library/stats/html/hclust.html). The Ward's method and the Euclidean metric were chosen to calculate the distances between the elements. The results were converted in Newick format using the 'ctc' library from Bioconductor (https://www. bioconductor.org/packages/release/bioc/html/ctc.html) by using R. This format may be imported by the graphical editor Dendroscope (http://dendroscope.org/) in order to visualize the distances between clusters. The clusters' representation was given by means of a horizontal cladogram.
Statistical analysis
All relative frequencies of glutamate, glutamine and their ratio were analysed by GraphPad PRISM (GraphPad Software, San Diego, CA, USA), which was used to perform statistical significance analyses. Statistical analysis was carried out using a Kruskal -Wallis test with the Dunn post hoc correction to compare skin's data (three groups). A Mann-Whitney U-test was used to analyse liver's data and LIP protein cluster. A p-value of less than 0.05 was considered statistically significant. 
The epidermis model
The epidermis is composed by keratinocytes arranged in layers representative of each step of their programmed life cycle. Proliferating keratinocytes are present on the bottom of the epidermis, called the stratum basale. As keratinocytes leave the basal layer, they begin to differentiate and form the stratum spinosum and then the stratum granulosum, ending in the anucleated stratum corneum composed of dead cornified cells, which has the major role of permeability barrier. Across the layers, the epidermis develops several gradients fundamental for its function. The most studied is the calcium gradient, which ranges from the lowest concentrations in the stratum basale to the highest concentrations in the stratum granulosum where proteins and lipids critical for barrier function are produced. Also, the oxygen supply of the tissue changes drifting away from dermal blood vessels; the most proximal basal layer is more oxygenated than the outer granular layer, the latter being insulated from external atmosphere by the protective epidermal permeability barrier. The epidermal keratinocytes are fed with AAs supplied by dermal circulation, and then they support their specialized functions during migration and differentiation by AA metabolism and biosynthesis. Therefore, we can consider the AA composition of proteins as the indicator of the local availability of the single AA due to the context, for example, due to oxygen levels in that particular epidermal layer. In this model, we searched the proteins expressed selectively by distinct populations of keratinocytes that are exposed to a gradient of oxygen that varies from 21 mm Hg in the basal layer to the tension of 14 mm Hg in the spinous layer and 7 mm Hg found in the granular layer [30, 31] . The research of published articles and data banks led to a list of 35 proteins shown in table 1. Then we evaluated their content of glutamate and glutamine as percentage of the whole protein (relative frequency) and as a ratio of percentages (Glu/Gln).
We chose to evaluate the percentage of the total and not the absolute content of Glu and Gln in each protein in order to ignore the differences in protein size. In fact, when proteins have an equal percentage of the AA, the larger the size of the protein, the higher the amount of the AA, but because we do not know the relative expression levels of each protein, we cannot judge how the absolute AA content of a single protein can impact on the intracellular pool of that AA. For example, a protein could have a high number of Gln but a low expression, and another protein could have fewer Gln, but it could be abundantly expressed. Therefore, in our evaluation, the relative frequency describes a general trend of utilization of a certain AA, independently from protein size and expression. Moreover, our results highlighted the importance of the Glu/Gln ratio, in which the relative or absolute content of AA makes no difference.
The relative frequencies of the two AAs were used to investigate the similarity between proteins (cluster analysis) and the relationship between AA content and oxygenation (indicators of oxygenation).
Cluster analysis of epidermal proteins
We investigated the similarities between the selected human proteins by cluster analysis. The cladogram relative to the ratio between glutamate and glutamine highlighted two clear sets for granular and basal proteins, while spinous proteins were distributed over the two different groups. These results are shown in figure 1. Based on the cluster analysis, the Venn diagram shows that granular and basal proteins are grouped in distinct sets, whereas spinous proteins are shared by both sets. By this analysis, we concluded that the two different layers are characterized by a specific environmental context (for example, the oxygenation) able to select the biosynthesis of proteins similar in Glu/Gln ratio. It is reasonable to imagine that because the intermediate spinous layer has a medium degree of differentiation and oxygenation, its proteins share common features with those of both upper and lower layers.
The analysis of the content of glutamate and glutamine and their ratio as indicator of oxygenation of epidermal layers
Because the clustering analysis revealed that the proteins of each layer are similar in Glu/Gln content, we decided to quantify and compare the protein composition of the three layers. The protein markers of the three epidermal layers were evaluated in terms of their content of Glu, Gln and the ratio Glu/Gln (table 1) .
The median values of arrays were plotted on graph and are shown in figure 2 . The layers at the two extremes of the oxygen gradient were significantly different in their content of Glu and Gln: in the hypoxic granular layer, Glu decreased and Gln increased, and most remarkably, the ratio Glu/Gln was royalsocietypublishing.org/journal/rsos R. Soc. open sci. 6: 181891 significantly lower when granular was compared with the basal layer. Reasonably, the values of the middle spinous layer were intermediate. Based on these data, we concluded that the hypoxic granular layer was able to increase the intracellular levels of glutamine by converting glutamate into glutamine and could afford the synthesis of proteins enriched in this latter AA but sparing the glutamate. As a result, the differences of the ratio Glu/Gln were found to be very significant between basal and granular layers. These observations supported our working hypothesis that the ratio Glu/Gln can be used as a marker of tissue oxygen status.
The investigation of the loci codifying for proteins selectively expressed in granular keratinocytes
Some of the proteins selected as markers of the granular layer are coded by a locus called EDC (epidermal differentiation complex) located on chromosome 1 region q21.3. Actually, the terminal epidermal differentiation programme drives the synthesis of proteins that are codified by EDC [32] and are involved in skin barrier formation: the precursor proteins of the cornified envelope such as involucrin, loricrin and the small proline-rich region (SPRR) proteins, the 'fused gene' proteins such as filaggrin, trichohyalin, hornerin, repetin and cornulin, and the group of calcium-binding proteins (S100) at the edges of the EDC [24, 33] ; because the EDC proteins are synthesized exclusively by the differentiated hypoxic epidermal granular layer, we considered them as proteins responsive to the same cellular context and therefore to the same AA availability, and we compared them with other two groups of proteins coded by nearby regions of the same chromosome, upstream and downstream to EDC. We excluded from the EDC group the S100 proteins, because they are not unique to differentiated keratinocytes; therefore, they can be royalsocietypublishing.org/journal/rsos R. Soc. open sci. 6: 181891 transcribed and expressed in several different conditions [34] . The complete list of proteins analysed is shown in electronic supplementary material, table S1. The results of our evaluation are shown in figure 3 . Compared with the other two groups of proteins, the EDC proteins have significantly less glutamate (figure 3a) and more glutamine (figure 3b); therefore, the ratio Glu/Gln is significantly the lowest in the EDC group (figure 3c), whereas the values of the other groups are spread out; the low ratio is in agreement with the values found in the granular layer, where these proteins are expressed. We found another gene clustering that is transcribed only in granular keratinocytes. In fact, several lipase enzymes are codified by genes located in chromosome 10q23.31. This specialized human genomic locus includes six lipase genes and five other genes of apparently unrelated function. The human lipase genes appear to be exclusively expressed in the epidermis and their expression is highly specific for granular keratinocytes, which are exposed to the lowest oxygen tension of epidermis (7 mm Hg) [35] . The analysis of the human 10q23.31 locus originated a list of proteins that is shown in electronic supplementary material, table S2. The ratio Glu/Gln of the proteins codified by the lipase locus (LIP) was significantly lower than the ratio calculated for the proteins codified by the nearby genes, in agreement with the analysis of the EDC locus (figure 3e,f ).
These data not only reinforce the results of the analysis of epidermal layers, but also they lead us to wonder whether the similar content in single AAs could be one of the reasons for gene clustering. In fact, this finding fits the principle that transcription and translation are coordinately driven by specific signals, among them the AA availability. In order to avoid a futile cycle of mRNA synthesis and demolition, transcription and translation must be matched. In bacteria, the RNA polymerase is closely followed by a ribosome that translates the newly synthesized transcript, thus the overall elongation rate of transcription is tightly controlled by the rate of translation [36] ; such a cooperative mechanism ensures that the transcriptional activity is always adjusted to translational needs under various local conditions, such as AA availability. In eukaryotes, transcription and translation are spatially segregated, thus other mechanisms must control the matched transcription/translation. One pursued strategy is represented by the regulation of distinct gene sets through AA-sensitive enhancer regions AAREs (amino acid response elements). A multiproteic complex is bound to the AARE sequences and is involved in either inducing or repressing transcription of target genes in response to AA starvation [37] [38] [39] [40] ; in this way, many genes sparse in the genome can be read and produce proteins only when the proper levels of single AAs are reached. Although this mechanism of control is exploited by some AAs, glutamine does not seem to be involved in AARE regulation. In fact, glutamine is described as an important regulator of gene expression through the activation of transcription factors, without any evidence for a 'glutamine-responsive element' [41] . For example, the work by Bellon et al. [42] concluded that glutamine exerts its stimulating effect on collagen synthesis indirectly at the transcriptional level.
Another strategy to harmonize transcription and translation could be the proximal location of genes that must respond to the same environmental cues. In the mammalian genome, functionally related genes often are clustered in loci. Genes involved in execution of keratinocyte-specific gene expression programmes are clustered in at least four regions, including the epidermal differentiation complex (EDC), keratin clusters (type I and type II loci) and lipase cluster. The molecular mechanisms involved in coordinated gene regulation at these loci remain largely unknown. While keratins are employed in royalsocietypublishing.org/journal/rsos R. Soc. open sci. 6: 181891 a large variety of tissues, the proteins coded by EDC and some lipases are specifically produced in skin; therefore, they were analysed in our study to demonstrate the validity of the ratio Glu/Gln as predictor of the oxygenated cellular context. Based on our analysis, it is reasonable to hypothesize that the AA availability could select and drive the simultaneous translation of many proteins, hence the evolutionary pressure to bring the genes together. Other loci could be sensitive to other AA availability, and further studies are warranted.
The liver model
The second model of tissue showing a gradient of oxygenation analysed in our study was the liver. In order to accomplish the complex functions necessary to maintain the metabolic homeostasis of the royalsocietypublishing.org/journal/rsos R. Soc. open sci. 6: 181891 whole organism, the liver is characterized by a structural and functional heterogeneity known as metabolic zonation [29] . The nutrients are supplied by the portal vein and the hepatic artery, and the blood leaves the organ via the central vein. The region around the portal vein is called periportal, and the area around the central vein is known as perivenous zone. Several concentration gradients of nutrients, substrates and hormones are established between zones, and depending on their position, the hepatocytes lined up along the porto-central axis are specialized in terms of metabolism, protein expression and function. The oxygen tension in the periportal zone is about 65 mm Hg and falls to about 35 mm Hg in the perivenous zone. Apparently, this could be another good model to study the relationship between Glu/Gln content of proteins and oxygenation of the cells; however, in the liver, the oxygen gradient is associated with a gradient of AA uptake, metabolism and secretion. In fact, part of the AA supply is catabolized to fuel the urea cycle; therefore, the specialized AA metabolism of the different zones influences the availability of AAs to synthesize proteins. Some catabolic enzymes are found preferentially expressed in the periportal zone, where they might support gluconeogenesis as well as urea synthesis [16] , among them the enzyme glutaminase. In contrast, GS is located in the perivenous area of the liver lobule, which has a secretory function. The intercellular glutamine cycling facilitates urea production: portal glutamine is catabolized by the enzyme glutaminase to increase periportal urea synthesis, and glutamine is reconstituted by perivenous synthesis through GS to replenish blood levels of this AA [15] . Based on this biochemical evaluation of hepatic tissue, when analysing the protein composition, we predicted a different result to what was found in the epidermis, since in the liver, the availability of AAs to build proteins is affected not only by the oxygen gradient but also and foremost, it is influenced by the homeostatic function of the organ that distributes the nutrients to the whole body. We selected some proteins described in the literature as preferentially expressed in the periportal or the perivenous zone of the liver and we carried out the analysis of the levels of Glu, Gln and their ratio. The list of the proteins evaluated is reported in table 2. Considering that the periportal zone is more oxygenated than the perivenous zone, we found that the ratio Glu/Gln was not directly proportional to oxygenation, since it was higher in the perivenous zone, as shown in figure 4 . This was due to the decrease in Gln content in proteins of perivenous zone, whereas the availability of glutamate was constant in both zones. Such a decrease is explained by the fact that glutamine is mostly taken and consumed by periportal epatocytes to feed the urea cycle; therefore, the perivenous epatocytes do not receive glutamine; moreover, they synthesize glutamine but only to replenish the serum levels of the AA and not for local utilization. It is of note that GS is expressed in the perivenous hypoxic zone; hence, we found confirmation that also in the liver, the hypoxic context upregulates GS; however, the glutamine is produced and secreted; therefore, the availability of glutamine to build intracellular proteins is low.
The ratio Glu/Gln in protein expression profile as adaptation to oxygen levels
In the epidermis model, we have analysed the Glu/Gln ratio of different proteins in the same tissue exposed to an oxygen gradient and we have demonstrated that the Glu/Gln ratio correlates with the oxygenation. We can transpose the concept to the analysis of the same protein produced as isoform in distinct tissues differently oxygenated or to the comparison of proteins that alternate their expression in the same tissue with an oxygen-related oscillation. As examples of the first application, we investigated two proteins that are expressed as isoforms in different tissues. Lactate dehydrogenase (LDH) is a tetramer made up of two different subunits A and B. The ratio between A and B depends on local conditions. Usually, LDH A is associated with lower pO 2 royalsocietypublishing.org/journal/rsos R. Soc. open sci. 6: 181891
Among the second type of proteins with an oscillatory reciprocal control, we considered the CLOCK/SIRT1 and HIF1a/von Hippel-Lindau (VHL) protein pairs. The levels of oxygen vary during the day in many tissues and change the expression pattern of many proteins [49] . CLOCK has an intrinsic acetyltransferase activity, which enables circadian chromatin remodelling, and sirtuin 1 (SIRT1) is a deacetylase involved in transcriptional silencing that antagonizes CLOCK activity [50] . Because its activity is NADþ-dependent, SIRT1 must operate in high oxygen conditions, when the ratio NADþ/NADH is high; indeed, SIRT1 is downregulated in hypoxia [51] . Finally, another pair of proteins plays antagonistic roles: hypoxia-inducible factor 1-a (HIF1A) is a well-known mediator of hypoxia, and VHL tumour suppressor is an ubiquitin ligase capable of targeting the HIFa subunits at normoxia for destruction by the proteasome. All these proteins were analysed for their Glu/Gln ratio and we found that in each pair, the ratio was proportional to oxygen levels (figure 5). These data are in agreement with the results obtained from the analysis of the epidermal model and reinforce the relevance of our study, which demonstrates that it is possible to predict whether a protein is produced in a normoxic or hypoxic environment based on its Glu/Gln content.
Conclusion
In this work, we tested the hypothesis that the AA composition of proteins reflects the availability of AA imposed by the cellular context: in particular, we considered that the oxygenated environment would advantage the biosynthesis of proteins enriched in glutamate, while the hypoxic condition would increase the availability of glutamine and thus favour the translation of glutamine-rich proteins.
In this study, we worked on tissues that display a gradient of oxygen and we demonstrated that when the tissue has a local utilization of AA, the ratio Glu/Gln is proportional to oxygenation. The first tissue model analysed supported our working hypothesis. We demonstrated that the ratio Glu/Gln of the epidermal proteins was directly proportional to the oxygenation of the layer expressing the protein, evidently due to a conversion of glutamate to glutamine driven by the hypoxic context. The analysis of the EDC and lipase locus not only further validated these conclusions, but interestingly, it also suggested that gene clustering may represent an adaptation for responding to AA availability.
The principle demonstrated in the epidermal model, namely that the ratio Glu/Gln is directly proportional to oxygenation, holds true if the AA uptake does not change between the considered areas and the AA are incorporated only in endogenous proteins. We hypothesized that if other metabolic gradients relying on glutamine utilization were present, the concentration of glutamate and glutamine would be the result of a variable uptake, biosynthesis and loss of the AA; therefore, the levels of the two AAs would not be predictive of a local cellular context. This was verified in the liver model, where the ratio Glu/Gln was found inversely proportional to oxygenation due to the loss of glutamine in the most hypoxic area of the liver. Based on the comparison of the two models, we reckon that the ratio Glu/Gln and oxygenation are directly correlated only when the observed cells are self-centred systems.
Altogether, in this work, we found that the epidermis represents a simple model of metabolic layering, where the local utilization of AAs allows us to demonstrate that the ratio Glu/Gln found in royalsocietypublishing.org/journal/rsos R. Soc. open sci. 6: 181891
